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The relationship between changes in functional magnetic resonance imaging and neuronal activity remains controversial. Data
collected during awake neurosurgical procedures for the treatment of epilepsy provided a rare opportunity to examine this
relationship in human temporal association cortex. We obtained functional magnetic resonance imaging blood oxygen depen-
dent signals, single neuronal activity and local ﬁeld potentials from 8 to 300Hz at 13 temporal cortical sites, from nine subjects,
during paired associate learning and control measures. The relation between the functional magnetic resonance imaging signal
and the electrophysiologic parameters was assessed in two ways: colocalization between signiﬁcant changes in these signals on
the same paired associate-control comparisons and multiple linear regressions of the electrophysiologic measures on the
functional magnetic resonance imaging signal, across all tasks. Signiﬁcant colocalization was present between increased func-
tional magnetic resonance imaging signals and increased local ﬁeld potentials power in the 50–250Hz range. Local ﬁeld
potentials power greater than 100Hz was also a signiﬁcant regressor for the functional magnetic resonance imaging signal,
establishing this local ﬁeld potentials frequency range as a neuronal correlate of the functional magnetic resonance imaging
signal. There was a trend for a relation between power in some low frequency local ﬁeld potentials frequencies and the
functional magnetic resonance imaging signal, for 8–15Hz increases in the colocalization analysis and 16–23Hz in the multiple
linear regression analysis. Neither analysis provided evidence for an independent relation to frequency of single neuron activity.
Keywords: fMRI; single neuron activity; local ﬁeld potentials; paired-associative learning; temporal cortex
Abbreviations: BOLD=blood oxygen level dependent; ECoG=electrocorticogram; fMRI=functional magnetic resonance imaging;
ID=word identiﬁcation; LFP=local ﬁeld potential; PA=paired associate; ROI=region of interest
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 Introduction
Functional magnetic resonance imaging (fMRI) with blood oxygen
level dependent (BOLD) signal has become a major tool to
investigate human brain function. The goal of many of these
studies is to establish the location and nature of the neuronal
events that generate human cognitive processes. However, the
BOLD signal that is imaged does not measure neuronal events,
but rather metabolic changes, in level of oxygenated haemoglobin
and blood ﬂow. The relation of these metabolic changes to neu-
ronal activity has been the subject of much recent investigation
(Raichle and Mintun, 2006). Simultaneous imaging and neuronal
recording in visual cortex of anaesthetized monkey suggested that
BOLD signal changes were most closely related to changes in local
ﬁeld potentials (LFPs) usually considered to reﬂect the afferent
input to neurons, rather than the action potentials of neurons,
which reﬂect their output (Logothetis et al., 2001; Goense and
Logothetis, 2008). Similar ﬁndings have been reported in other
animal studies (Harel et al., 2002; Lauritzen and Gold, 2003;
Niessing et al., 2005). Studies in humans, comparing fMRI
changes in one set of subjects with electrophysiologic changes in
different subjects (or to those in nonhuman primates) during
similar tasks, have conﬂicting ﬁndings. A relation between fMRI
and the electrocorticogram (ECoG) has been reported (Puce et al.,
1997; Schlosser et al., 1999) though not conﬁrmed by others
(McCarthy, 1999; Huettel et al., 2004). Nearly all of these studies
were conducted in primary sensory cortices. Other studies
concluded that fMRI changes reﬂect neuronal ﬁring (Rees et al.,
2000), including a study where human single neuronal activity in
auditory cortex was directly recorded (Mukamel et al., 2005).
A similar ﬁnding was reported by Ritter et al. (2008) for changes
in neuronal activity in somatosensory cortex inferred from scalp
EEG recordings obtained simultaneously with fMRI in the same
subjects. Recent studies, however, comparing electrophysiologic
measures and fMRI in the same subject during more complex
cognitive processes suggest that this relationship may be different
in different areas of cortex. Lachaux et al. (2007) reported that
during a semantic task, association cortex sites, mostly in superior
temporal or inferior frontal gyri, which had increased 40–150Hz
ECoG power during the task, were frequently within 15mm of
fMRI activation sites. In contrast, Ekstrom et al. (2009) in record-
ings from parahippocampal gyrus, found positive correlations
between BOLD signal intensity and 4–8Hz LFP power but not
higher frequency LFP power or single neuron activity.
Utilizing a unique clinical opportunity, to record neuronal
activity during awake neurosurgery for the treatment of epilepsy,
we report here the relation between fMRI, neuronal ﬁring and
LFPs recorded from the same sites in human temporal association
cortex, in the same subjects, during the same behavioural
measure, a word pair association (PA) learning paradigm. The
PA task was selected for this study based on our previous ﬁnding
that it changed activity in a large proportion of human temporal
cortical neurons (Weber and Ojemann, 1995; Ojemann and
Schoenﬁeld-McNeill, 1998). We investigated the relationships in
two ways. First, we addressed the essential empirical issue in
interpreting neuronal correlates of a signiﬁcant fMRI change: are
there any signiﬁcant changes in neuronal activity that colocalize to
the same sites during the same behavioural comparisons?
Our second analytic approach used multiple linear regressions to
identify signiﬁcant independent electrophysiologic predictors of the
magnitude of the BOLD signal. Both approaches identiﬁed statis-
tically signiﬁcant relationships between high frequency (4100Hz)
LFP power and BOLD signals. With the colocalization approach,
we found the relationship to include LFP power between
50–250Hz, but only for positive LFP power and BOLD signal
changes. Both approaches also provide suggestive evidence for a
relation to selected low frequency LFP power ranges, 8–15Hz with
colocalization, 16–23Hz with multiple linear regressions. Neither
approach identiﬁed any independent relation to frequency of
single neuronal activity.
Methods
Overall experimental design
This study was performed on patients undergoing temporal resections
for medically refractory epilepsy with a technique where they were
awake under local anaesthesia for a portion of the operation so that
physiologic information unperturbed by general anaesthesia could be
obtained to plan the resection (Ojemann, 1995). Once this information
was obtained and prior to any resection, microelectrode recording of
single neuronal activity and LFPs was obtained. One or more days
prior to the operation (mean 7 days, range 1–22), each subject
participated in a fMRI protocol performing a paired-associate word
learning task (two blocks) and an interposed word-identiﬁcation (ID)
task (one block), each with a ﬁxation target control. These same tasks
were repeated at the time of intraoperative recording of single neu-
ronal activity and LFPs. The location of the intraoperative recording
sites was recorded photographically in relation to cortical surface
landmarks, sulci and veins. Those locations were then reconstructed
on merged structural magnetic resonance image and magnetic
resonance imaging venogram, using those landmarks, and this was
coregistered with the fMRI data from that subject (Modayur et al.,
1997). The coordinates of these sites were used to construct
single voxel regions of interest (ROIs), 3.5 3.5 7mm
3 for each
intraoperative recording site on a patient-to-patient basis. Whole
brain data were collected during the fMRI protocol. fMRI changes
on these tasks extended well beyond the ROIs, into temporal,
middle frontal and tempro-occipital regions of both hemispheres.
However, the intraoperative recording sites (and thus the ROIs)
were limited by clinical considerations to those portions of one tem-
poral lobe that was subsequently resected to treat the subject’s seizure
disorder. With this experimental design, single neuron activity, LFP
power and fMRI activity were assessed for the same tasks, from
each subject’s recording site(s). The relation between BOLD and
electrophysiologic changes was assessed in two ways, the extent of
colocalization of signiﬁcant changes and multiple linear regressions.
Colocalization between BOLD changes and electrophysiology was
assessed for signiﬁcant changes on three comparisons between PA
task and control conditions: PA compared with its ﬁxation control,
PA compared with ID and the PA ﬁxation difference compared with
the ID ﬁxation difference. These comparisons were selected to include
PA task-‘baseline’ comparisons commonly utilized in fMRI studies
(PA-ﬁxation) and comparisons that separate associative word learning
behaviour from simple ID (PA-ID) and (PA-ﬁxation)   (ID-ﬁxation), a
separation that we have previously shown changed activity in a large
2 | Brain 2009: Page 2 of 14 G. A. Ojemann et al.
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 proportion of human lateral temporal cortical neurons (Weber and
Ojemann, 1995; Ojemann and Schoenﬁeld-McNeill, 1998). The multi-
ple linear regression evaluated the relation between the magnitude of
the BOLD signal and the different electrophysiologic measures, across
all tasks.
Subjects
The nine subjects and 13 recording sites represent all subjects and sites
with complete data sets for fMRI and microelectrode recording. One
subject did not have any neuronal activity recorded from one (of two)
sites; that site was excluded from analysis. Data were thus available
from one recording site in ﬁve subjects and two sites in four subjects.
Six of the included subjects were female. All were right handed and
left brain dominant for language, based on intracarotid amobarbital
perfusion testing (Wada and Rasmussen, 1960). Mean age was 40
(range 25–60). All but one subject had medically refractory seizures,
with a mean seizure onset at age 17 years (range 3–40, three subjects
had onsets after 20 years). All subjects with seizures had mesial
temporal foci; four had mesial temporal sclerosis, and four gliosis.
The one subject without seizures had a medial temporal benign
lesion. Verbal IQ was available for eight subjects. Mean verbal IQ
was 86.5 (range 72–101). Six operations were on left brain, three
on right. These studies and the procedures for obtaining informed
consent were approved annually by the University of Washington
Institutional Review Board.
Behavioural tasks
Three behavioural tasks were used in these studies; PA learning, ID
and passive ﬁxation. During the PA task, subjects were instructed to
learn a set of 15 semantically unrelated visually presented word pairs.
During the ID task, subjects were instructed to read single words.
During passive ﬁxation, subjects viewed a ﬁxation cross in the centre
of the screen. All tasks were done silently. Each fMRI and intraopera-
tive recording included two blocks of PA task and an interspersed
ID block, except for one subject where only one PA block could be
administered intraoperatively.
Each PA block consisted of cycles where the same 15 word pairs
(randomly re-ordered), presented over 21s, alternated with a period of
passive ﬁxation of equal duration. Twelve cycles were presented
for each block during fMRI recording, eight during intraoperative
recording. In each cycle, each of the 15 word pairs was presented
sequentially for 1s with a 0.43s interstimulus interval. Each PA block
was followed by a two-choice recognition task, during which no fMRI
data were collected.
The ID block had identical parameters as the PA trials, except that
the subject was instructed to read the word silently as they were
presented on the screen but was not instructed to remember them.
Additionally, all of the words presented during this ID block were
shown only once. Novel words were used for PA and ID condition,
and for the intraoperative and fMRI studies.
These tasks were designed with E-Prime software (PST, Inc.) and
presented to the subjects on a computer-controlled screen.
fMRI methods
All magnetic resonance data were acquired on a GE Sigma Horizon
1.5T machine using gradient echo EPI sequence, with repetition time
(TR) 3000/echo time (TE) 30ms, Flip 90, matrix 64 64, 21 slices per
scan, slice thickness 6mm, skp 1, 168 volumes (8.24s). Structural
scans were also obtained, with 3-dimensional spoiled gradient
(SPGR) with TR 29ms/TE 7ms, Flip angle 45, matrix 256 192,
slice thickness 1.2mm.
fMRI analysis
fMRI data analysis was carried out using statistical parametric map
(SPM)2. Spatial processing included realignment, and spatial smooth-
ing (8mm fwhm). Statistical analysis used an adaptation of the
General Linear Model, modelling separate effects of conditions (ﬁxa-
tion, PAs and ID) and subject movement. Parameter estimates for the
general linear model were obtained for each ROI, using SPM and
Marsbar. Combinations of these parameter estimates yield contrast
values for the three comparisons, PA versus ﬁxation, PA versus ID,
and the PA ﬁxation difference versus the ID ﬁxation difference. No
corrections for multiple comparisons were applied as the tested
hypotheses apply to regions of interest that were anatomically
speciﬁed independent of fMRI ﬁndings (Friston, 1997).
Intraoperative recording
The microelectrode study was performed with the subject fully awake
under local anaesthesia, having awakened from the propofol intrave-
nous anaesthesia used for placement of the local anaesthetic ﬁeld
block and craniotomy at least an hour earlier. The sites of recording
were in cortex that was free of interictal epileptiform discharges but
that was to be subsequently resected as part of the surgical therapy of
the subject’s epilepsy. Two commercial tungsten microelectrodes were
back loaded through a translucent 1cm diameter footplate into each
of two hydraulic microdrives. The footplate was used to dampen
cortical pulsations. Care was taken to avoid blanching pial vessels.
Two microdrives placed in lateral temporal cortex were used in all
subjects although usable recordings from both drives were obtained
in only four subjects. The sites of these recordings were identiﬁed by
numbered tags and their location recorded photographically. Once
stable neuronal activity free from evidence of injury or epileptiform
burst activity (Calvin et al., 1973) was identiﬁed, the behavioural
task was initiated. Activity from each microelectrode was divided
into that from 1 to 1000Hz and 100 to 5000Hz. These channels
were digitized at a frequency of 10 KHz (seven subjects) or 4 KHz
(two subjects), along with separate channels for markers indicating
when test items were presented. Each of these recordings included
simultaneously recorded action potentials from a small number of
well-isolated single neurons on the 100–5000Hz channel, and LFPs
on the 1–1000Hz channel.
Single neuronal activity analysis
All analysis was performed off-line. Activity of each microelectrode
channel was divided into that of individual neurons with an ampli-
tude-width window discriminator and visual separation of the resulting
amplitude-frequency histograms (Chart Software, AD Instruments
1994–2006). We have previously published examples of this separa-
tion (Schwartz et al., 1996). Commonly, activity of 1–4 nearby single
neurons is recorded by each functioning microelectrode (Ojemann
et al., 2000). Activity from all neurons isolated from a single electrode
was then pooled together, and, if more than one electrode were in the
same region of interest, the activity of all neurons from both electrodes
pooled together, to assess the change in average neuronal activity in a
region of interest. The frequency of this activity during the 1.3s of
each item of each trial of the tasks was determined, dividing the
ﬁxation period into periods of the same duration as the individual
items of the PA and ID trials. Statistical analysis of frequency
Neuronal correlates of fMRI Brain 2009: Page 3 of 14 | 3
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 differences on each of the three comparisons obtained for each
recording site (PA–PA ﬁxation, PA–ID and PA–PA ﬁxation compared
with ID–ID ﬁxation) used Mann–Whitney U-test.
LFP analysis
All analysis of the LFP data was performed using custom software
written in Matlab (The Mathworks, Inc. 1984–2004). The recordings
for each channel were visually inspected and sections with artefacts
were removed prior to analysis. Each recording was segmented into
individual 1.3s of each item of each trial. The power spectrum of each
trial was calculated as the squared magnitude of the Fourier transform.
Peaks in these spectra caused by unrelated electrical noise in the
recording were observed, including at 60Hz, 75Hz and their harmo-
nics. These peaks were removed from the power spectra and the
removed power values were replaced by a value interpolated from
the average power of the surrounding frequencies. Power in a speciﬁc
frequency range of interest was calculated as the integral of the power
spectrum over those frequencies. When two electrodes were present
in the same region of interest, the calculated power for each frequency
range for each electrode was averaged. Analysis of the two PA blocks
was performed for each block separately as well as for the two blocks
combined. For the combined analysis, the power values for the two
PA blocks were pooled before the statistical analysis. The same com-
parisons were analysed as for fMRI and single neuronal activity. All
comparisons of statistical signiﬁcance for power between conditions
for the different frequency ranges were computed using the
Wilcoxon sum ranks test.
Statistical analysis
Colocalization across all sites of signiﬁcant changes in the three
comparisons between fMRI BOLD signal and each electrophysiologic
parameter were evaluated statistically with Fisher’s exact test. The
quantitative relationship between changes in BOLD signal, and
changes in single neuronal ﬁring and LFP power in different ranges
at the same sites, was analysed by constructing a general linear model.
The difference in the average magnitude of the BOLD signal between
a certain behavioural condition (PA, ID, PA ﬁxation, ID ﬁxation) and all
behavioural conditions taken together was taken as the dependent
variable (outcome). A number of independent variables were consid-
ered as possible regressors: subject, site, hemisphere (left or right),
radial distance from temporal tip, behavioural condition and differ-
ences in average ﬁring rates and LFP power in the different frequency
ranges from 8 to 300Hz between the behavioural condition and all
behavioural conditions taken together, along with interaction terms
between single neuronal activity and LFP power, and between differ-
ent LFP power ranges. This general linear model comprised site-speciﬁc
electrophysiological variables, which means we tested for a uniform
relationship between electrophysiology and BOLD over sites (i.e. a
linear relationship that was estimated with a single regression coefﬁ-
cient or parameter of our multiple linear regression model). Of the
continuous independent variables none deviated signiﬁcantly from
the normal distribution, all had, in general, similar variances (when
normalized by their means) and all were reasonably linearly related
to the outcome. Changes in power in the LFP frequency ranges
100–150Hz and 150–300Hz were highly correlated, and only the
ﬁrst range was used in the model. Independent variables were then
entered into the model by means of forward selection: variables with
strongest bivariate associations were entered ﬁrst, and were included
when they predicted the outcome better than chance in the multiple
linear regression models. This analysis was performed with Statistical
Package for the Social Sciences (SPSS) 10.0 for Windows (SPSS Inc,
Chicago, IL).
Quantiﬁcation of ripples
The frequency of occurrence of ripples, short episodes of high-
amplitude and high-frequency oscillations was determined in the LFP
recordings using an automated ripple detector similar to that used by
Grenier et al. (2001). We examined separately ripple episodes in
the high-frequency (150–200Hz) and in the very high-frequency
(250–500Hz) range. Raw LFP signal was band-pass ﬁltered in the
corresponding range using a fourth order elliptical Butterworth digital
ﬁlter. We identiﬁed the ripple centres by isolating threshold crossings
of the negative deﬂection of the ﬁltered signal. We used a threshold of
4 SDs above the baseline noise level, which was calculated across the
entire recording epoch. Ripple amplitude was deﬁned as the absolute
value of the negative deﬂection at the ripple centre. Ripple duration
was deﬁned as the time period between the two 2 SD threshold
crossings of the envelope of the ﬁltered signal immediately before
and after the ripple centre. Only ripples of duration 440ms were
considered for the analysis.
Removal of spike waveforms
The LFP channel, initially sampled at 4kHz, was ﬁltered using third
order narrow band-cut, two pass elliptic ﬁlters at 120, 180 and 240Hz
to remove harmonics of 60Hz. In order to remove spike remnants on
the LFP channel, spikes were removed using the spike timing and the
mean spike waveform. The removal was performed by scaling the
mean spike waveform with a scaling factor computed by the inner
product of the corresponding part of the LFP to the spike time and
the mean spike waveform, as shown mathematically below.
LFPnew ¼ LFPold   c meanfswg
where
c ¼ LFPspike   meanfswg
Subsequently, the signal was ﬁltered using a third order two-pass
elliptic low-pass ﬁlter at 500Hz for the purpose of down-sampling
at 1kHz. The signal was then down-sampled at 1kHz
Results
Behaviour
To determine if the subjects were performing the silent PA task
used during both intraoperative recording and fMRI, a two-item
forced choice recognition task was administered after each block
of the PA task. In response to the ﬁrst word in a pair, subjects
correctly recognized the correct second word on an average of
87% of the PA items presented during the fMRI and 79% with
intraoperative testing; performance for all subjects on both tests
differed from chance at P50.05.
fMRI changes
The locations of the 13 recording sites from the nine subjects were
superimposed on a standard brain, illustrated in Fig. 1. fMRI
changes on these tasks extended well beyond these sites, into
temporal, middle frontal and tempro-occipital regions of both
4 | Brain 2009: Page 4 of 14 G. A. Ojemann et al.
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 hemispheres. However, the intraoperative recording sites were
limited by clinical considerations to those portions of one temporal
lobe that were subsequently resected to treat the subject’s seizure
disorder. Signiﬁcant (P50.05, two-tailed) fMRI changes in at least
one of the three comparisons between PA and control conditions
(PA versus ﬁxation, PA versus ID and PA-ﬁxation difference versus
ID-ﬁxation difference) were present in all 13 ROIs, one at each
recording site. Six of these (six subjects) had only signiﬁcant fMRI
increases with PA on one or more comparisons. Six others (ﬁve
subjects) had only signiﬁcant decreases and one site had a signiﬁ-
cant increase on one comparison and decrease on another. The
location of these changes is also indicated in Fig. 1 and their
distribution across comparisons in Table 1. Signiﬁcant changes
were present for 20 of the 39 comparisons between PA and
control conditions (51%), equally divided between increases or
decreases with PA compared with control conditions (Table 2).
Single neuron activity
As illustrated in Fig. 2 for the two recording sites in one subject,
well-isolated single neuron activity with stable waveforms
throughout the various blocks was recorded. The frequency of
single neuron activity simultaneously recorded from two sites
(20, 21) in the illustrative subject during the two blocks of PA
and interposed ID block is also indicated. The location of those
two recording sites is shown in Fig. 1. The changes in average
Table 1 Signiﬁcant (P50.05 two-tailed) changes in fMRI and electrophysiologic measures (frequency of single neuron
activity, LFP power in 8–150Hz and 150–300Hz ranges) for each subject, site and comparison
Comparison PA-Fix PA–ID [(PA-ﬁx)–(ID-ﬁx)]
Subject/site Side fMRI Single
neuron
LFP
8–150
LFP
150–300
fMRI Single
neuron
LFP
8–150
LFP
150–300
fMRI Single
Neuron
LFP
8–150
LFP
150–300
414 L P N N N
415 L P P P P P
4 1 8 L P P P PP PP
420 R P P P P P
506 21
a RP P P P P P P
508 20 L P N P P P P P
408 21 L N N P P P P P
408 20 L N N PP
413 R N P N P P N P
416 20 L N P N N P P
416 21 L N N N P N
506 20
a RN N N N N N N
508 21 L N N N N N
P=increase; N=decrease; PA=PA task; ID=identiﬁcation task; Fix=ﬁxation for that task.
a Illustrative case: location of sites identiﬁed in Fig. 1, single neuron changes in Figs 2 and 3, LFP changes in Figs 4 and 5. Six sites with only fMRI BOLD increases at
top. Six sites with only decreases at bottom.
Figure 1 Location of recording sites, superimposed on standard brain. Orange indicates sites with only signiﬁcant increases in fMRI
BOLD signal on one or more comparisons in the region of interest at that site. Purple indicates sites with only signiﬁcant decreases in
that signal on one or more comparisons. Uncoloured site had a signiﬁcant fMRI increase on one comparison and a signiﬁcant decrease
on another comparison. Numbered sites are from Subject 506 whose data are presented in Figs 2–5. White squares indicate
approximate location of the cortical exposure provided by the operations where the recordings were obtained.
Neuronal correlates of fMRI Brain 2009: Page 5 of 14 | 5
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 activity for the two comparisons that had signiﬁcant changes in
fMRI signal at both sites, decreased fMRI activity at site 20 and
increased at site 21, are also illustrated.
As indicated in Table 2, signiﬁcant changes in frequency of
single neuron activity were present for over half of the com-
parisons, with changes at all but one site, in all subjects. These
signiﬁcant effects were present in a high proportion of the single
neuron sample despite the small number of randomly recorded
neurons included in the sample at each site, an average of
2.5 neurons (range 1–4). The high proportion of neurons changing
activity with PA learning was also present in our earlier studies of
temporal cortical neuronal activity associated with learning of PA
pairs (Weber and Ojemann, 1995; Ojemann and Schoenﬁeld-
McNeill, 1998). The distribution of these changes across com-
parisons is also indicated in Table 1. Consistent changes in more
than one comparison were present for half of the sites (Table 2).
Figure 3 illustrates the average peristimulus time histograms for
individual items included in the different blocks of Fig. 2. The
change in activity during PA is tonic, sustained throughout
the 1s the item is presented with a small reduction during the
interstimulus interval. The presence of tonic sustained changes in
single neuron activity distinguished learned from unlearned items
in a previous study (Ojemann and Schoenﬁeld-McNeill, 1998).
LFP changes
Microelectrodes have relatively high impedances that attenuate
LFP values in the very low frequencies. For this reason, LFPs
below 8Hz were not analysed statistically. Figure 4 plots the
LFP power for the 8–300Hz frequency range simultaneously
recorded at the two sites in the illustrative subject during the
various conditions of this study. The changes in this activity
during the two comparisons with signiﬁcant fMRI changes at
those two sites are shown in Fig. 5. For overall statistical analysis,
LFPs were divided into the 8–150Hz and 150–300Hz ranges. As
indicated in Table 2, changes in power were present for slightly
less than half of the comparisons, at all but one site for each
frequency range, for 8–150Hz in all subjects, for 150–300Hz in
all but one subject. The distribution of these changes
across comparisons is indicated in Table 1. LFP power changes
were not as consistent as the changes in single neuron activity
(Table 2).
Colocalization of changes in fMRI
signal and changes in single neuron
activity and LFP power
Colocalization as used here means that a reliable change in fMRI
at a particular location is associated with a non-random change in
an electrophysiologic measure, which is in the same direction at
the same location when assessed on the same comparison.
As indicated earlier, these comparisons were selected to provide
behavioural controls for the PA task that reﬂect common fMRI
practice (to ﬁxation), were previously shown to change activity
in a large proportion of neurons (to ID) and the combination
(PA ﬁxation compared with ID ﬁxation). Although these compar-
isons of condition speciﬁc differences are not statistically orthogo-
nal, they reﬂect these sufﬁciently different ways of assessing
changes in neuronal responses with the PA behaviour to be
interesting. With the data in Table 1, the degree of colocalization
of signiﬁcant fMRI changes and signiﬁcant changes in single
neuron activity and LFP power for the same comparisons, at the
same sites in the same subjects can be evaluated. In addition to
addressing the practical question of what if any electrophysiologic
change might reasonably be expected when a signiﬁcant fMRI
change was observed, this type of analysis has the additional
advantage that it does not require any assumptions about the
timing of any link between the rapid electrophysiologic events
(measured in ms) and the slow fMRI haemodynamic response
measured in seconds. Most fMRI studies are directed at determin-
ing regions where the haemodynamic response increases during
behaviour compared with some ‘control’ condition. Thus our initial
analysis was directed at establishing any relation between
increases in the fMRI haemodynamic response, frequency of
single neuron activity and LFP power. Table 2 indicates the
proportion of the comparisons with signiﬁcant changes that repre-
sented increased activity for the PA task, about half of the fMRI
and single neuron changes and a larger proportion of the LFP
changes (67%–82%).
The electrophysiologic changes at the six sites with only
increased fMRI BOLD activity for PA on one or more comparisons
are shown at the top of Table 1. Independent of the speciﬁc
comparison, increases in the electrophysiologic measures were
signiﬁcantly more likely at these sites compared with decreases
(22 of 26 signiﬁcant changes at the fMRI positive sites were
Table 2 Summary of the data across Table 1, indicating the proportion of the 39 comparisons (one at each of the 13 sites
for PA versus ﬁxation, PA versus ID and PA ﬁxation versus ID ﬁxation) that had signiﬁcant changes (P50.05) for fMRI
and each electrophysiologic measure, the proportion of those with greater activity for the PA task, the number of sites
with signiﬁcant changes for each measure, and the consistency of the changes at those sites across the three comparisons
FMRI Single neuron LFP 8–150 LFP 150–300
Number of 39 comparisons with signiﬁcant changes 20 (51%) 21 (54%) 18 (46%) 17 (44%)
Number of these that had greater activity for behaviour 10 (50%) 10 (48%) 12 (67%) 14 (82%)
Number of 13 sites with signiﬁcant changes 13 12 11 12
Sites with signiﬁcant changes on: 2/3 comparisons 4 5 2 5
3/3 comparisons 1 1 1 0
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 positive, P50.001, sign test) and to activity at the remaining sites,
where 14 of 30 signiﬁcant changes were positive (P50.005).
A general increase in electrophysiologic activity is present at sites
with increased fMRI BOLD signal. Table 3 indicates the probability
of that increased electrophysiologic activity occurring on the same
comparisons as the fMRI increased BOLD signal. Only increased
LFP power in the 150–300Hz range has signiﬁcant colocalization
to the same sites and comparisons (P50.01 one-tailed). In the
lower portion of Table 3, LFP power is subdivided into narrower
frequency ranges. Signiﬁcant colocalization is present for the
50–100 and 150–250Hz ranges, with trend for 8–15, 100–150
and 250–300Hz ranges.
Although most fMRI studies have concentrated on increases in
the BOLD signal with behaviour, there has been recent interest in
Figure 2 Single neuron activity recorded simultaneously from sites 20 and 21 of Subject 506. (A) Frequency of single neuron activity
recorded from each site during the two blocks each with PA and associated ﬁxation, and the interspersed block of ID and associated
ﬁxation. Inset in each block’s data is the average waveform of the action potentials recorded during that block. Bar in that insert is
2ms. The activity illustrated for each block is the average of the eight cycles of ﬁxation and behaviour in 100ms bins, with the red line
dividing the equal 21s periods of ﬁxation or behaviour. Bar below each block is the 1.3s duration of an individual item in behavioural
portion, and equivalent segment of ﬁxation, expanded into individual item peristimulus time histograms in Figure 3. (B) Average
frequency of single neuronal ﬁring for each condition. Site 20 blue, 21 green. The fMRI had signiﬁcantly increased activity for two
comparisons, PA ﬁxation and [(PA–PA ﬁxation) – (ID–ID ﬁxation)] at site 21, and signiﬁcantly reduced activity for all three comparisons
at site 20. The change in average single neuron ﬁring rates at both sites is shown for the two comparisons with signiﬁcant fMRI
changes at both sites, increases at site 21 and decreases at site 20. (C) Difference in average ﬁring rates between PA compared with PA
ﬁxation. Site 20 blue, 21 green. Asterisk above bar, signiﬁcant change at P50.025. Asterisk below pair, signiﬁcant difference between
sites at P50.025. (D) Difference in average ﬁring rate for [(PA–PA ﬁxation) (ID–ID ﬁxation)] comparison, presented as in C.A s
indicated by the consistent action potential waveforms at each site, stable single neuron activity was recorded throughout the blocks.
In this patient, there is increased average activity during ID at both sites, compared with ID ﬁxation. However, activity during PA shows
a differential response: greater activity for PA compared with PA ﬁxation at site 21, less activity with PA at site 20. The increase in
neuronal ﬁring at site 21 is signiﬁcant for only one of the two comparisons that had signiﬁcant fMRI signal increases at this site, while
signiﬁcantly decreased neuron ﬁring occurred at site 20 on both comparisons, both of which also had signiﬁcant fMRI signal decrease
at this site.
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 the reverse, relative decreases with behaviour, compared with the
control (Gusnard and Raichle, 2001). These decreases have been
modelled as reﬂecting spontaneous neuronal activity in the
absence of an explicit input, a ‘default’ network separate from
networks for task speciﬁc responses reﬂected in the fMRI increases
(Fox and Raichle, 2007; Buckner et al., 2008). As illustrated in
Fig. 1, decreases were the only fMRI change at six sites (ﬁve
subjects). These sites are in the mid portion of middle temporal
gyrus, approximating the lateral temporal cortical region
that Gusnard and Raichle (2001) included as part of the
Figure 4 LFP power simultaneously recorded from sites 20 and 21 of Subject 506, averaged for each condition of this study. Log LFP
power, smoothed with a moving average shown in 8–50Hz and 70–300Hz blocks. Site 21(dashed values) had signiﬁcant increases in
fMRI BOLD signal with two comparisons, PA ﬁxation and [(PA ﬁxation)-(ID ﬁxation)]. Site 20 (solid lines) had signiﬁcant decreases in
fMRI signal on all three comparisons. The 50-70Hz segment with ﬁlter artefact omitted. Greater LFP power in the 70–300Hz range
is evident at site 21, the site with signiﬁcant fMRI increases, with the greatest increases for the PA task.
Figure 3 Average peristimulus time histograms in 50ms bins for individual items that make up the blocks of Figure 2, for each
condition for each site. Item activity during the two blocks of PA has been averaged together. For both PA and ID, average activity is
tonic, with little modulation during the 1-s period of item presentation. Such sustained, tonic activity was a feature of human temporal
lobe neuronal activity associated with learning of a word-pair association (Ojemann and Schoenﬁeld-McNeill, 1998).
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 default network. This is also a region where we identiﬁed relative
decreases as a characteristic of single neuron activity in an earlier
study investigating changes during recent memory encoding in
a different series of subjects (Ojemann et al., 2009). However,
sites with consistent fMRI decreases did not have a general
decrease in electrophysiologic activity, as only 15 of 25 signiﬁcant
changes in electrophysiologic measures were decreased (P40.2),
and there was no signiﬁcant colocalization of comparisons with
signiﬁcant fMRI decreases and decreases in single neuron activity
or LFP power in any frequency band (data not shown, all P-values
40.05). Despite this lack of colocalization when all comparisons in
all subjects are considered, such decreases on fMRI and one or
more electrophysiologic signal were evident in some individual
comparisons such as those illustrated for site 20 in Figs 2 and 5.
In order to understand better the high frequency LFP power
that our data relate to increased fMRI signal, we undertook two
additional analyses. It has been suggested that high frequency
LFPs may include power from single neuron action potentials,
though action potential power is usually thought to make little
contribution to LFP power at frequencies below 500Hz (Greiner
et al., 2001). Nevertheless, we reanalysed a sample of our LFP
data (recorded at 1–1000Hz) after removing segments associated
temporally with the action potentials we had recorded on the
channel ﬁltered at 100–4000Hz. No differences in power were
identiﬁed between the original data and that with identiﬁable
action potential segments removed. High frequency LFP activity
has also been investigated in the context of ‘ripples’ (5250Hz)
and ‘fast ripples’ (250–500Hz); brief (25–75ms) bursts of this
high frequency activity. ‘Ripples’ have been demonstrated in
‘normal’ somatosensory and neocortex in a variety of species.
Intracellular recordings during ‘ripples’ in rat and cat somatosen-
sory cortex indicate that they reﬂect synaptic input, and excitatory
drive modulated by inhibition perhaps mediated by interneurons
(Jones et al., 2000; Greiner et al., 2001). Fast ripples in medial
temporal lobe have been related to epileptic activity in animal
models and humans (Staba et al., 2002). Using an automated
ripple detection analysis, we found no signiﬁcant relation between
increased ripple amplitude or duration in the 150–200Hz
Figure 5 Changes in LFP power for the two comparisons, PA ﬁxation and [(PA ﬁxation) (ID-ﬁxation)], that had signiﬁcant increased
fMRI signal at site 21 (green), and signiﬁcant decrease at site 20 (blue) in the illustrative Case 506. Median power difference is shown
for each of the frequency ranges of Table 3. Asterisks above each bar identify signiﬁcant changes at P50.025. Asterisks below each
pair of bars identify signiﬁcant differences (P50.025) between sites 20 and 21. (A) [(PA-PAﬁxation) – (ID-IDﬁxation)] comparison.
Signiﬁcant increased power at site 21, with a signiﬁcant difference from site 20 are present in the 8–15 and 50–300Hz ranges.
(B) PA ﬁxation comparison. Power at site 21 is signiﬁcantly increased in the 50–100Hz range, a signiﬁcant difference from site 20.
Site 20 had signiﬁcantly decreased LFP power in the same frequency range.
Neuronal correlates of fMRI Brain 2009: Page 9 of 14 | 9
b
y
 
g
u
e
s
t
 
o
n
 
N
o
v
e
m
b
e
r
 
3
,
 
2
0
1
4
D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 frequency range and increased fMRI signal (P40.66), suggesting
that the increased power in this frequency range that is associated
with increased fMRI signal is not organized in ripples. Moreover,
fast ripples in the 250–500Hz range, the type related to epileptic
activity, had a signiﬁcant ‘negative’ relation to increased fMRI
signal (P=0.02, two-tailed). This ﬁnding indicates that the high
frequency activity we relate to the fMRI is not organized in ripples
and not a reﬂection of the subjects’ underlying epilepsy.
Effect of comparing PA results with
different control conditions
As indicated in Table 1, although nine sites had signiﬁcant changes
in fMRI with the PA ﬁxation comparison (four increases), single
neuron and especially LFP power changes were infrequent. To
adjust for this discrepancy between the PA ﬁxation comparison
and the other two comparisons, the relation between signiﬁcant
increases in fMRI and the electrophysiologic measures was
reanalysed for only the PA–ID and [(PA-ﬁxation) (ID-ﬁxation)]
comparisons. The results were similar to the original analysis.
There was a signiﬁcant relation between increases in fMRI and
LFP 150–300Hz power at P50.007, and now a trend for LFP
8–150Hz power (P=0.08), but not single neuron activity
(P=0.13). When the narrower LFP power frequency ranges of
Table 1 were reanalysed in this way, signiﬁcant effects were
present for the 150–200 and 200–250Hz bands at P=0.01 and
the 8–15, 50–100 and 100–150Hz bands at P50.05.
Colocalization of changes in fMRI,
single neuron activity and LFP power in
individual cases with recording from
two separate sites
In addition to the group relationship, the relation between
changes in fMRI signal and LFP power was also evident in
individual subjects. Four subjects had recordings from two sepa-
rate sites in temporal cortex. Three of these subjects had one site
with only increased fMRI signal on one or more comparisons and
another site with only decreased signal. This provides an opportu-
nity to assess the regional speciﬁcity within an individual subject’s
temporal association cortex of any relationship between changes
in fMRI and the electrophysiologic measures. The location of the
recording sites for one of these subjects is shown in Fig. 1, the
changes in single neuron activity in Fig. 2 and LFP power in Fig. 5.
Concordant signiﬁcant increases in fMRI signal and 150–300Hz
power, at the same one of the two sites on at least one of the
same comparison were present for all three subjects. Concordant
increases in single neuron activity and 8–150Hz LFP power were
present for two subjects, including the illustrative case.
Concordant decrease in fMRI signal, single neuron activity and
150–300Hz LFP power on at least one comparison was present
for the other site in two of these subjects, but only one had
concordant decrease in 8–150Hz LFP power. The fourth subject
had decrease in fMRI signal at one site, with concordant decrease
in 8–150Hz LFP power, and both fMRI increases and decreases on
different comparisons at the other site, with concordant increase in
8–300Hz power for the comparison with increased fMRI signal.
Quantitative relations between
magnitude of the fMRI haemodynamic
response and electrophysiologic
changes
Our colocalization approach to establishing a relationship between
fMRI and electrophysiologic changes parallels the type of analysis
commonly used in behavioural fMRI studies, providing a basis for
inferring the presence of a non-random change in an electro-
physiologic measure when a signiﬁcant fMRI BOLD change is
identiﬁed. However, this type of analysis does not necessarily
provide evidence for a relation between the magnitude of changes
Table 3 Colocalization of increased fMRI signal and increased activity in single neurons and power in LFP in various
frequency ranges, based on the 39 comparisons of this study
Physiologic measure Number of the 10 comparisons with
signiﬁcant increases in fMRI signal
that also had signiﬁcant increases
in that physiologic measure
Number of comparisons with
signiﬁcant increases in that
physiologic measure that did
not have signiﬁcant increases in
fMRI signal
Probability of the relation
between signiﬁcant fMRI
signal increase and an increase
in the physiologic measure
(Fisher’s exact test, one-tailed)
Single neuron ﬁring frequency 4 6 0.21
LFP 8–150Hz 5 7 0.13
LFP 150–300Hz 7 7 0.01
LFP power in narrower frequency ranges
8–15 5 6 0.09
16–23 3 6 0.42
24–34 4 5 0.15
35–50 4 5 0.15
50–100 7 7 0.01
100–150 7 10 0.06
150–200 7 9 0.04
200–250 7 9 0.04
250–300 6 8 0.07
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 in the BOLD signal and the electrophysiologic measures. To eval-
uate the relationship between BOLD signal, single neuronal ﬁring
and LFPs, a general linear model was constructed as described
under Methods. The following site-speciﬁc independent variables
were found to be signiﬁcant and independent predictors of the
changes in the BOLD signal over conditions and sites, and were
included in the ﬁnal multiple linear regression model (Table 4):
subject, change in LFP power in the 16–23Hz range and in the
100–150Hz range, and the interaction between change in single
neuronal ﬁring and change in LFP power in the 16–23Hz range.
Power in the 16–23Hz range of the LFP was marginally not
signiﬁcant, but was nonetheless included in the model, as its
inclusion signiﬁcantly changed the coefﬁcients of the rest of the
regressors.
Discussion
This study indicates that a site in temporal association cortex with
signiﬁcantly increased activity for a paired associate learning
behaviour on fMRI has a non-random chance of also having
signiﬁcantly increased activity in LFP power in the 50–250Hz fre-
quency range. We have established this relationship based on the
stringent criterion of colocalization of signiﬁcant fMRI and LFP
power increases to the same region of interest during the same
task-control comparison in the same subject. The relation was
identiﬁed for at least one comparison at one site in seven of the
nine subjects. We did not ﬁnd colocalization of fMRI increases to
increased power in more conventional gamma frequencies550Hz,
nor any evidence for colocalization between decreases in fMRI
and LFP activity. Our quantitative analysis supports this ﬁnding,
with 100–150Hz LFP power as a signiﬁcant regressor. Both
analytic approaches also provide weaker evidence for a relation
between the fMRI and low frequency LFP power, with a trend to
colocalization in the 8–15Hz range and in the multiple linear
regression analysis, 16–23Hz range alone as a marginally
signiﬁcant regressor and the interaction of single neuron ﬁring
and 16–23Hz power as a signiﬁcant regressor.
These ﬁndings are in line with the growing body of evidence
relating fMRI BOLD to LFP changes in various frequency ranges.
Nonhuman animal studies in sensory cortices have related fMRI
activations to LFP activation most often in low and middle gamma
frequencies (550Hz) (Logothetis et al., 2001; Harel et al., 2002;
Lauritzen and Gold, 2003; Kayser et al., 2004; Niessing et al.,
2005; Goense and Logothetis, 2008). Findings in humans have
been variable. Mukamel et al. (2005) reported a relation to LFP
frequencies up to 130Hz in microelectrode recordings from audi-
tory cortex and Lachaux et al. (2007) 40–150Hz ECoG increases
within 15mm of predominately temporal association cortex sites
with fMRI activation. On the other hand, Ekstrom et al. (2009)
reported a positive correlation with only 4–8Hz in recordings from
parahippocampal gyrus, and no correlation between BOLD signal
and LFP activity in hippocampus. Whether the differences
between these studies and with ours reﬂect the different brain
regions investigated, or the different behavioural assessments is
unknown, although a link between high frequency gamma and
low frequency ( 5–7Hz) human ECoG activity has been described
(Canolty et al., 2006).
Although the presence of a signiﬁcant positive change in fMRI
signal is likely to colocalize with a signiﬁcant increase in the LFP
high frequency power, this relationship is not absolute. Only 7 out
of 10 comparisons with increased fMRI haemodynamic response
changes had increased high frequency LFP power, and this repre-
sented about half (7 out of 15) of the comparisons with increased
LFP power in this frequency range. This is similar to the relation
between fMRI and high frequency ECoG increases described by
Lachaux et al. (2007). Several aspects of our study may contribute
to the failure to ﬁnd an even more robust relationship. The elec-
trophysiologic measures were averaged across the 1.3s presenta-
tion time of each item, as it was our hypothesis that changes in
average activity during behaviour would be more likely to be
related to changes in the fMRI haemodynamic response that
also lasts seconds. Our ﬁndings are in line with this hypothesis.
However, with this approach we may miss brief phasic changes in
the electrophysiologic measures which potentially could induce a
haemodynamic change. In the Lachaux et al. (2007) study, such
brief phasic increases in 40–150Hz ECoG were identiﬁed, but at
sites not close to fMRI increases. The choice of behavioural
comparisons also clearly inﬂuenced the likelihood of ﬁnding elec-
trophysiologic correlates of fMRI. The standard fMRI comparison,
to visual ﬁxation, was associated with very few increases in any of
the electrophysiologic measures, though fMRI increases were
evident. While there was one example of high frequency LFP
increase at a site with fMRI increases on that comparison, it was
only with comparisons of the PA task to ID that we could reliably
show the association. The Lachaux et al. (2007) study also used
comparison control conditions involving behaviours more complex
than simple visual ﬁxation.
The role of this high frequency graded response activity in
human cortical function has been the subject of considerable
research interest over the last decade (Jensen et al., 2007 for
review). In human motor cortex, movement-induced increases in
ECoG power in the 76–100Hz range have the same pattern as the
motor homunculus, a pattern not evident at lower ECoG frequen-
cies (Crone et al., 1998; Miller et al., 2007). Power of ECoG
frequencies in the 40–200Hz range recorded from fusiform and
lateral occipital cortex was modulated by a face detection task
(Lachaux et al., 2003). Increased ECoG power in this range has
been associated with recent ‘working’ memory, in auditory cortex
(Howard et al., 2003), temporal cortex (Raghavachari et al., 2001)
Table 4 Independent variables included in the ﬁnal
multiple linear regression model and their relationship
to the BOLD signal
Variable t
a SE
a Signiﬁcance
a
LFP power, 16–23Hz  0.576 0.067 0.071
LFP power, 100–150Hz  0.361 0.034 0.036
Single neuron ﬁring 
LFP power, 16–23Hz
2.665 0.003 0.045
Adjusted R
2 value for the model: 0.19 (P=0.029). t: standardized coefﬁcient; SE:
standard error.
a All values adjusted for subject effect.
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 and also Broca and Rolandic cortex (Mainy et al., 2007). In this
last study the changes were related speciﬁcally to the encoding
phase of working memory. Increased power in the 60–250Hz
range of the ECoG was observed with deviant auditory stimuli
(Edwards et al., 2005). Transient suppression of ECoG activity in
the 20–150Hz range in left ventral lateral frontal cortex has been
associated with attending to words or letters during a reading task
(Lachaux et al., 2008). Increased activity in these ‘gamma’
frequencies during human cognitive processes has also been
observed in the EEG and magnetoencephalogram (Tallon-Baudry
et al., 1998; Lutzenberger et al., 2002; Kaiser et al., 2003; Jokisch
and Jensen 2007). The present study extends the relation of
increased high frequency graded response activity to LFP power
and to an associative learning task in human temporal association
cortex.
What this high frequency ECoG-LFP activity represents is not
entirely clear. It has been recorded in experimental animals during
behavioural manipulations, particularly rat hippocampus during
exploratory behaviour (Bragin et al., 1995). The mechanism
responsible for that activity has been extensively studied (Bartos
et al., 2007; Mann and Paulsen, 2007 for reviews). It is generally
assumed that this activity represents synchronous oscillations of
summed postsynaptic inputs and that GABAergic interneuron
activity has an important role in this synchronization. For this
model, the importance of interneuron inhibition, interneuron
electrical coupling, phasic excitation and the spatial extent of
the synchronized activity remain controversial. The role of inter-
neuron inhibition has been particularly explored in the context of
‘ripples’ (Jones et al., 2000; Greiner et al., 2001). However, the
high frequency LFP activity we relate to increased fMRI signal
does not seem to be organized in ripples. Nor is it related to
‘fast ripples’ that have been related to epileptic activity in animal
models and humans (Staba et al., 2002) indicating that it does not
represent an epileptic epiphenomenon. There is an alternative
model for high frequency ECoG-LFP activity, that there is no
particular temporal synchronous oscillating structure, but rather
that the pattern of power at high frequencies is a statistical
property of summing random variations of fast ionic currents,
including GABA-A, excitatory AMPA-glutamate, and perhaps
action potentials (Motokawa, 1943; Edwards, 2007).
Experimental animal studies have not resolved these alternative
models. High gamma activity was much more sensitive to
increases in neuronal synchrony than ﬁring rate in a recent
report (Ray et al., 2008), while other work emphasized LFP
components unrelated to synaptic events (Buzsaki and Chrobak,
1995; Kandel and Buzsaki, 1997). Our ﬁnding that removal of the
brief segments of the LFP associated with the action potentials
identiﬁed in recordings with the appropriate ﬁlter setting for
single neuron activity did not change ﬁndings for a sample of
our high frequency LFP recordings suggests that at least the
action potentials from nearby larger neurons contribute little to
LFP power up to 300Hz.
The relation of fMRI changes to single neuronal activity remains
controversial (Raichle and Mintun, 2006). Mukamel et al. (2005),
based on recording single neuronal activity from human auditory
cortex in one groups of subjects, and fMRI in another, claimed
that ‘fMRI signals can provide a reliable measure of the ﬁring rate
of human cortical neurons’. However, in their study, changes in
single neuronal activity were confounded with changes in LFP
power in the 40–130Hz range. Ritter et al. (2008) simultaneously
recorded fMRI and very high frequency (600Hz) scalp EEG
responses evoked from human somatosensory cortex by median
nerve stimulation. They inferred that a component of the 600Hz
evoked response reﬂected mass synchronous neuronal action
potentials (Baker et al., 2003) and found that component to
colocalize with an fMRI BOLD signal in somatosensory cortex,
with variations in the amplitude of that component occurring
with different rates of median nerve stimulation reﬂected in that
fMRI signal (Ritter et al., 2008). We did not ﬁnd signiﬁcant colo-
calization between non-random changes (increases or decreases)
in single neuron ﬁring and fMRI signal in recordings from the
same comparisons in the same subjects at the same sites, in
human temporal association cortex, nor was single neuronal
ﬁring by itself a signiﬁcant regressor in the multiple linear regres-
sion models. That our ﬁndings may reﬂect recording from associa-
tion cortex rather than primary sensory cortices is supported by
the report of Ekstrom et al. (2009) who also found no relation
between BOLD signal changes and single neuronal ﬁring in
recordings from parahippocampal gyrus and hippocampus.
However, their study found a relation between changes in
BOLD activity and low frequency (4–8Hz) LFP power in parahip-
pocampal gyrus recordings suggesting that the relation to LFP
power also may vary across association cortex. Our ﬁndings
could also reﬂect the small sample of neurons we recorded, or
the predilection of extracellular microelectrodes to record activity
from a subpopulation of very nearby larger pyramidal neurons.
However, our study was adequate to identify colocalization of
signiﬁcant increases in LFP power and fMRI signal, perhaps
because LFP power reﬂects the wider range of neuronal signals
(action potentials from interneurons as well as pyramidal neurons
and presynaptic potentials) from a greater volume of tissue in the
LFP compared with single neuron activity. Moreover, the failure to
identify signiﬁcant colocalization between fMRI and single neuron
activity increases was not due to a failure to identify signiﬁcant
increases in single neuron activity, for these were present in 26%
(10 out of 39) of our comparisons, but on different comparisons
from different sites than the 26% of comparisons with signiﬁcant
increases in fMRI, as indicated in Table 1. Although not evident in
that group data, a relation was evident in at least one comparison
in each of four subjects. However, these cases do not establish
a relationship, as the same subjects had four comparisons with
fMRI but not single neuron activity increases and three compar-
isons with single neuron activity but not fMRI increases. In human
temporal association cortex fMRI increases do not seem to provide
a reliable indicator of increased single neuronal activity. We have
previously shown that LFP activity in the 75–150Hz range is
partially predictive of ﬁring of neurons recorded through the
same electrode (Zanos et al., 2006), suggesting that any apparent
relation of fMRI to single neuronal activity probably reﬂects a
common relationship to high frequency LFPs. Several nonhuman
animal studies report ﬁndings similar to ours. Kayser et al. (2004)
compared fMRI in anaesthetized cats with LFP and single neuron
recordings in visual cortex of awake cats, using the same visual
stimuli, with a match between BOLD and LFP 20–50Hz activity
12 | Brain 2009: Page 12 of 14 G. A. Ojemann et al.
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 but not single neuron ﬁring. Similarly in simultaneous fMRI, LFP
and single neuron recordings from visual cortex of awake monkey,
Goesner and Logothetis (2008) concluded that LFPs were a better
and more reliable predictor of fMRI signal than the single neuron
activity, and that any correlation of neuron ﬁring to fMRI BOLD
signal was by virtue of correlations to LFP.
Human fMRI behavioural studies commonly ascribe ﬁndings to
changes in ‘neuronal activity’ when what is actually reported are
positive changes in the BOLD metabolic signal. Based on the
ﬁndings reported here, it now seems reasonable to infer that
those positive BOLD ﬁndings reﬂect at least one change in
actual neuronal activity, increased power in high frequency LFP,
when the positive ﬁnding is in temporal association cortex.
Remaining to be determined is the applicability of this ﬁnding to
other regions of cortex and the mechanisms that may link high
frequency LFP and regulation of blood ﬂow or oxygen extraction
that is responsible for the fMRI signal.
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